An effect of the quality of carbon nanotube (CNT) dispersions added to cement on paste mechanical properties has been studied. High-quality dispersions of few-walled CNT (FWCNTs) were produced in two steps. First, FWCNTs were functionalized in a mixture of nitric and sulfuric acids (70 wt.% and 96 wt.%, resp.) at 80
Introduction
Cement is one of the most commonly used construction materials due to its low cost and high workability. The world consumption of the cement is constantly growing due to rising construction engineering needs. Thus, an improvement in basic mechanical properties and durability of materials based on cement is very important. Recently, carbon nanotubes (CNTs) have attracted tremendous scientific attention owing to their excellent physical and chemical properties [1] . Due to high strength and elastic strain, CNTs were proposed to be utilized for production of cement composites with improved mechanical properties. However, usually researchers face the problem of introducing the carbon nanomaterial in the matrix, since CNTs tend to agglomerate and form bundles. CNTs have been added to the cement as a powder using rotor mixing technique [2, 3] or as water dispersions [4] [5] [6] [7] [8] [9] [10] . Another approach recently proposed by our group is based on direct growth of CNTs and carbon nanofibers (CNFs) on the cement particles [11, 12] . This method allowed us to achieve very good dispersion of carbon nanomaterials and, as a result, 2-fold increase in the compressive strength of cement paste and 2.5-fold increase of mortar [13] . However, the liquid way of preparation of CNT/cement composites has not been so successful yet. The improvement in the mechanical properties of the composite materials usually did not exceed 50% [2] [3] [4] [5] [6] [7] [8] [9] [10] . This fact can be explained by the quality of CNT dispersions and by the way of the dispersion preparation. The quality of the CNT water dispersions is usually judged on the basis of short-term stability without centrifugation needed to remove bundled nanotubes that can negatively affect the composite properties [14] . For getting stable CNT water dispersions one can utilize different types of surfactants. However, such kinds of dispersions are usually not able to effectively enhance mechanical properties of produced composite materials [7, 9, 10] , since CNTs are almost fully covered by polymers preventing bond formation between hydrating cement and introduced CNTs. The interaction between the cement matrix and CNTs is extremely important to reinforce cement composite and can be enhanced by creating -COOH and -OH groups on the CNT surface during acid functionalization. However, during this procedure in addition to functionalized CNTs carboxylated carbonaceous fragments (CCFs) are formed [15] [16] [17] . These fragments are organic molecules consisted of condensed aromatic graphitic rings with several functional groups. Therefore, the CCFs formed during CNT functionalization added in the cement can react with hydrating cement similarly to functionalized CNTs, but without significant effect on the mechanical properties due the absence of their structural component.
Another important question is related to the structure of the material to be added to cement, which is expected to exhibit the best composite performance. It is known that single-walled CNTs are one of the strongest materials [18] . However, after the acid functionalization they shorten and accumulate defects that negatively affected on the mechanical properties of single-walled CNTs [19] . In case of multiwalled carbon nanotubes (MWCNTs), only outer graphitic shells contribute to the strength, while inner layers practically do not participate in carrying the load and only reduce the strength per a given volume [20] [21] [22] . Young's modulus of few walled carbon nanotubes (FWCNTs) with 2-5 layers is from 0.8 to 1.6 TPa and therefore they are believed to be the most optimum and superior candidate for construction materials [23] . FWCNTs' outer walls can be connected to a composite's matrix, whereas the inner layers remain chemically intact and provide the high strength.
In this work, we examine the effect of the CNT water dispersion quality and the way of their preparation on the mechanical properties of cement pastes. We report that utilization of functionalized FWCNTs purified from CCFs resulted in 2-fold increase of the compressive strength. To the best of our knowledge, this is the highest value obtained using CNT water dispersion.
Experimental Methods and Materials
FWCNTs were synthesized by catalytic pyrolysis of methane at 960
• C on the Co-Mo/MgO catalyst [24] . Briefly, a mixture of Mg(NO 3 ) 2 ·6H 2 O (10.0 g), Co(NO 3 ) 2 ·6H 2 O (0.6 g), (NH 4 ) 6 Mo 7 O 24 ·4H 2 O (0.073 g), NH 2 CH 2 COOH (6.0 g), and H 2 O (2.5 mL) was carefully stirred to fully dissolve under heating conditions. Then, the cup containing the mixture was introduced for 20 min into a furnace heated to 550
• C at ambient atmosphere to form highly porous MgO support with the Co-Mo catalyst. For the FWCNT synthesis a quartz boat with the freshly prepared catalyst (up to 4.0 g) was placed in the center of the reactor. Then, the gas mixture of CH 4 (150 cm 3 /min) and H 2 (600 cm 3 /min) was introduced in the reactor for 10 min. Then the reactor was heated up to 900
• C at a rate of 30
• C/min for 1 h and then cooled down in an H 2 flow.
Produced FWCNTs were purified with HCl (35 wt.%) to remove residual catalyst and annealed at 380-390
• C in an air atmosphere to eliminate amorphous carbon. The functionalization of FWCNTs was carried out in a mixture of nitric (70 wt.%) and sulfuric (96 wt.%) acids with a volume ratio of 1 : 3 at 80
• C for 3-4 hours under stirring conditions. Afterwards the tubes were washed by deionized water and 5% HCI until the sulfate ions were detectable in the infiltrated water via reaction with barium ions [25] .
For the sample observations, the CNT aqueous dispersion was dropped on TEM grids, dried and observed in a double Cs-corrected JEOL JEM-2200FS transmission electron microscope (TEM) operated at an acceleration voltage of 200 kV. Investigations of cement hydration effect on the surface of CNTs were carried out by immerging TEM grids with CNTs into cement water solution for a certain period of time.
FT-IR spectra were measured from KBr pellets with the sample of CCFs at the concentration of around 1%. The spectra were obtained using a Nicolet Magna 750 FT-IR spectrometer by averaging over 200 scans with a resolution of 2 cm −1 . The effect of CNT water dispersions was demonstrated by comparison of mechanical properties of cement paste beams prepared with as-functionalized FWCNTs containing CCFs (CCF/FWCNTs), functionalized FWCNTs purified from CCFs (CCF-free FWCNTs), and functionalized MWCNTs suspension with polyvinylpyrrolidone (PVP). PVP/MWCNT suspension (MWCNT diameter: 10 ÷ 20 nm, purchased from Cheap Tubes Inc.) was prepared with the concentration of 0.12 wt.%. In order to study the surfactant effect on mechanical properties we dispersed CCF/FWCNTs in 4% water solution of sodium dodecyl sulfate (SDS). All CNT dispersions before testing were ultrasonicated using ultrasonic cell Branson 450-D at 100 W and centrifuged at 2000 rpm to remove CNT bundles.
In order to examine the effect of the presence of metal ions on the CNT sedimentation we utilized calcium (2.96·10 −2 wt.%) and sodium (2.58·10 −3 wt.%) hydroxides. Selected concentrations corresponded to the amount of Ca(OH) 2 and NaOH during the cement hydration process [26] . The CNT concentration in each probe was 0.12 wt.%.
For mechanical tests, we prepared cement paste blocks with the dimensions of 10 × 10 × 60 mm 3 . The ratio of water/cement was 0.4 by weight. The concentration of FWCNTs in cement paste was varied from 0.02 to 0.09 wt.%. Three specimen beams were made for each probe.
Experimental Results and Discussions
TEM images confirmed the structure of FWCNTs with 2-5 walls in the diameter range from 4 to 10 nm (Figure 1(a) ). Figure 1(b) shows a TEM image of FWCNTs covered by CCFs after acid functionalization (CCF/FWCNTs). In order to remove CCFs, the samples on the filter were iteratively washed by acetone until clean and colorless filtrate was obtained. Figure 1(c) shows functionalized FWCNTs after acetone washing procedure (CCF-free FWCNTs).
An FT-IR spectroscopy measurements were used to confirm the chemical nature of the compounds contained in the acetone washed waste (Figure 2) . The peaks at 3600-3300 cm −1 are corresponded to O-H stretching vibrations in alcohols, phenols, and -COOH. The peaks at 2924 and 2856 cm −1 are attributed to aliphatic C-H stretches. The presence of the carboxyl groups is seen in the form of can also be associated with aromatic C=C. These observations are consistent with proposals that the carboxylated carbonaceous fragments (CCFs) contain partially oxidized carbonaceous fragments terminated by a variety of oxygen containing groups.
Bond formation between functional groups on the surface of CNTs and cement hydration reaction product is very important to improve mechanical properties of cement composites. The functional groups (-COOH and -OH) take part in reaction of ion exchange, replacing the proton by a metal ion. As it is known, cement grout consists of different types of metal ions, such as Ca 2+ , Mg 2+ , Al 3+ , Fe 3+ , Na + , and K + . It is worth noting that Ca 2+ ions have the highest concentration in the mixture. Therefore, we examined the effect of Ca 2+ ion presence on the stability of FWCNTs dispersions. For a comparison, we also investigated the effect of the presence of univalent Na + ions. Figure 3 shows the different CNT water dispersions. It can be seen that CCF-free FWCNTs form homogeneous water dispersion. Addition of Ca(OH) 2 in the solution resulted in the floccules formation due to the reaction between functional groups on the surface of CNTs and Ca 2+ ions, while introduction of univalent Na + ions did not practically affect the dispersion quality. The presence of Ca 2+ ions also affected the dispersion of CCFs/FWCNTs; however, the floccules looked differently exhibiting the qualitative distinction with CCF-free FWCNTs. It can be also seen that the dispersion of PVP/MWCNTs was not affected by the presence of Ca 2+ and Na + , conforming their inertness during the cement hydration process. Concerning the effect of NaOH versus Ca(OH) 2 , one should mention that the presence of Na + ions did not lead to the precipitation of CNTs or deterioration of the dispersion quality. However, the precipitation of CNTs can be achieved when the ion concentration (or ionic strength) will be significantly higher [27, 28] .
In order to confirm the possibility of cement hydration on the surface of CCF-free FWCNTs, we carried out microscopy investigations of the nanotubes placed on a TEM grid after 1 and 5.5 hours curing in water-cement solution (1 : 1). As can be seen from Figure 4 (a), FWCNTs after acetone washing act as nucleation sites for precipitation of cement hydration products. 5.5-hour hydration sample shows the presence of C-S-H hydration products formed on the surface of FWCNTs. We believe that the present CCFs in CCFs/FWCNTs can also act as nucleation sites for the cement hydration product formation, however without reinforcing effect and low bodings between CCFs and CNTs. Good quality of the CNT water dispersions significantly affected the mechanical properties of the composite materials. Stable CCF-free FWCNTs water dispersions were added to Portland cement with the water/cement weight ratio of 0.3. Table 1 summarized the results of the compressive strength measurements. As can be seen from the table, water dispersion with 0.03 wt.% CCF-free FWCNT concentrations exhibited the best mechanical performance; the compressive strength is about two times higher than in the reference sample prepared without CNTs.
Similarly we investigated the effect of CCFs/FWCNTs on the compressive strength, but did not find such significant improvement. The dispersion with CCFs/FWCNTs (0.01 wt.%) led to only 13% improvement in the compressive strength. This can be explained by the negative influence of CCFs.
Also we prepared a few samples of FWCNTs dispersed in water using SDS. The best concentration of the surfactant to prepare homogenous FWCNT water dispersion was found to be 4%. The presence of surfactant resulted in the worsening of the mechanical properties of the cement composite material. The SDS sample showed 65% decrease in the compressive strength. Figure 5 summarizes our understanding of the effect of different dispersions on the chemical processes occurring during cement hydration. The best results can be obtained using CCF-free FWCNTs with -COOH and -OH functional groups attached to the outer side of the CNTs. In this case the CCF-free FWCNTs are chemically available for the reaction with hydration products: they can behave as nucleation sites and also can react with the hydration products forming interfacial mechanical bonds, while the performance of CCFs/FWCNTs is affected by the presence of CCFs in the dispersion and on the surface of CNTs. The CCFs are as reactive as functionalized CNTs but their presence does not lead to the mechanical reinforcement of the produced composite. Surfactant adsorbed on CNTs prevents the direct contact of the functional groups on the surface of FWCNTs and the cement substance.
Conclusions
We investigated the effect of the quality of carbon nanotube dispersions on the mechanical properties of cement pastes prepared using functionalized FWCNTs. The CNT functionalization was carried out in a mixture of concentrated H 2 SO 4 and HNO 3 at 80
• C. The functionalization acetone washing was found to be a very important procedure to remove carboxylated carbonaceous fragments that might negatively affect the mechanical strength due to their interaction with cement hydration product. There was found almost 2-fold increase in the compressive strength, when acetone washed FWCNTs were utilized. Utilisation of CCFs/FWCNTs led to only 13% improvement of the mechanical properties of the cement pastes. In spite of obtaining good CNT dispersions with the help of SDS, the compressive strength of the prepared paste decreased.
